Most adaptive speckle filters are based on the local coefficient of variation, which serves to measure the heterogeneity of synthetic aperture radar (SAR) images. However, the sensitivity of the measurements to speckle and noise of SAR images would greatly deteriorate the speckle reduction. This article, based upon the information theory, presents a novel parameter for the heterogeneity measurement as a general index to quantitate the SAR image heterogeneity. Further, as a new speckle reduction algorithm based on the aforesaid quantitative heterogeneity measurements, it puts forward a heterogeneity-based speckle reduction filter (HBSRF), which uses the information-theoretic heterogeneity measurements as a criterion to classify the SAR images as belonging to homogeneous or heterogeneous regions. Then the finite iteration procedure and edge detection algorithms are adopted to strike the best balance between speckle reduction and edge preservation. The results from the computer simulation have demonstrated that the proposed effective method is superior to the conventional speckle filters based on the local coefficient of variation both in textural preservation and speckle reduction.
Introduction
The inevitable presence of speckle noise in synthetic aperture radar (SAR) images dramatically exacerbates the edge and texture information and exerts substantial influences on SAR image classification, segmentation and understanding. As a result, some necessary measures should be taken to reduce speckle before the images are further processed for information retrieval. To do this, numerous speckle reduction algorithms have been around for a few years [1] [2] [3] [4] [5] [6] [7] [8] . The wavelet-based speckle reduction algorithms have been validated by multi-level wavelet analysis [1] [2] . However, these methods suffer from the complexity in computation. On the other hand, a lot of effective adaptive speckle reduction algorithms based on filtering the pixels within the local homogeneous region have been in succession developed [3] [4] [5] [6] [7] . A. Lopes, et al. addressed that the key component in such adaptive speckle filters is scene heterogeneity and homogeneity measurement [8] . If there is given an approach for precise heterogeneity *Corresponding author. Tel.: +86-10-82314927. measurements, the edge and textual information in SAR images can be effectively preserved for further processing. As a result, ever-increasing researchers have devoted themselves to the heterogeneity measurements [9] [10] . The coefficient of variation C v which denotes the ratio of a local standard deviation to the local mean intensity, is known to be a conventional heterogeneity measurement [8] . Since C v is a constant for homogeneous scenes only depending on the speckle distribution, it has found wide application in most well-known adaptive speckle filters as an index to measure the local homogeneity of SAR images. Especially, it is broadly utilized to modify the traditional minimum mean square error (MMSE) filters [7] . However, the heterogeneity measurement based on C v is very sensitive to speckle and noise, and even could not perform well in some special situations [9] . M. Beauchemin, et al. introduced the ratio of local arithmetic mean to local geometric mean A/G as a substitutional heterogeneity measurement index, which outperforms C v in the detection of both structured and textural features [9] . However, A/G only works well for SAR images with Rayleigh-fading targets [9] . The comprehensive review and performance comparison of heterogeneity measurement methods have been investigated in Ref. [10] .
Firstly introduced the information-theoretic approaches into the heterogeneity measurements, B. Ai-No. 5 
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· 529 · azzi, by considering the heterogeneity as a representation of uncertainty, proposed the heterogeneity measurement method based on joint and conditional information for the local standard deviation to the local mean out of the global image statistics [11] . Compared with C v and A/G, the information-theoretic measurement is able to describe the subtle variation of texture information even in the presence of remarkable speckle and noise in SAR images. It has been proved to be a powerful heterogeneity measurement [12] . Nevertheless, the method proposed by B. Aiazzi, et al. [11, 13] is unable to quantitate the heterogeneity of SAR images. Accordingly, based upon the Aiazzi's work [11, 13] , this article advances a new parameter in place of C v as an index of heterogeneity to quantitatively measure the local heterogeneity with respect to the global image statistics. Applied to a new modified adaptive speckle filter and named as heterogeneity-based speckle reduction filter (HBSRF), the new method is more accurate to describe the heterogeneous variation. Finally, the results from computer experiments and discussions thereon are presented to verify the effectiveness of the proposed filter.
Information-theoretic Heterogeneity Measurements of SAR Images

Heterogeneity measurement
As shown by Eq.(10) in Ref. [11] , there exists a proportional relationship between the local standard deviation V and the local mean P in homogeneous region of SAR images, expressed by ( , ) ( , )
According to the fully-developed multiplicative speckle:
( , ) ( , ) ( , ) g m n f m n u m n (2) where g(m, n) is the intensity of pixel (m, n) in a SAR image, f (m, n) the backscatter coefficient, u(m, n) the stationary random noise independent of f (m, n), V u is the local standard deviation of u(m,n), V g (m, n) and P g (m, n) are the local standard deviation and the local mean of g(m, n) respectively. From Eq.(1), V and P are aligned along a straight line in homogeneous areas, which implies that the conditional probability is high (or equivalently, the conditional information is small). Different from the abovecited case, however, Eq.(1) does not hold true in heterogeneous areas, where V and P, instead of being aligned along a straight line, spread out over an area with scatter-plots of local standard deviation to local mean.
It is well known that in heterogeneous areas, V is unpredictable from P. Moreover, this leads to small conditional probability in heterogeneous areas. Equally, the conditional information of V and P will be very large, which can be regarded as a good measure for the heterogeneity of edge or textured areas. In observing distribution in scatter-plots, the pixels in strongly textured areas are easily distinguished from those in homogeneous areas as well as in weakly textured areas. The scatter-plot here for the whole image could be regarded as the conditional 2 dimensional probability density functions (2D-PDF) of the estimated local standard deviation and local mean. The procedures are devised to calculate the conditional 2D-PDF [13] .
Quantitative heterogeneity measurement
Enlightened by Ref. [11] and Ref. [13] , let the conditional 2D-PDF be the threshold to identify the points whether belonging to homogeneous areas or to heterogeneous areas through segmenting the peak and the flap parts in 2D-PDF plot. Furthermore, the distribution in the flap region is quantitated. By combining the idea of conditional information measurement of heterogeneity [11] and the 2D-PDF estimation process [13] , a novel quantitative measurement is proposed as a general index to test heterogeneity of a SAR image.
The procedure for calculation of quantitating the heterogeneity is depicted as follows:
(1) Generating 2D-PDF map [13] Within a (2p+1)u(2p+1) window sliding over the MuN image, the local statistics of a SAR image are calculated to estimate its spatial variant statistics, the aver- The window size is an essential parameter, especially, for the noisy data. The local statistics should be estimated with small-size windows. An optimized sliding window size of 5u5 was used in the experiments. Optimization of the window size will be discussed in Section 3. For more theoretical and fundamental methods to adaptively determine the optimized window size, refer to Ref. [13] . The next to do is draw the scatter-plots of ˆ( , )
, and map the scatter-plot domain into an LuL array of rectangular blocks (or grids), where L = 256 represents a proper compromise between the processing accuracy and the computational complexity. Then, the number of the scatter-points within each block is normalized with respect to the total number of pixels in a SAR image. Finally, a Gaussian-shaped filter is used to smooth the 2D-PDF map [13] . Fig.1 shows the 2D-PDF of a test SAR image. The pronounced peak is due mostly to homogeneous region while the large flap contains points in edge or textured regions.
(2) Segmenting in a 2D-PDF map by a threshold In the 2D-PDF map, the Otsu's method [14] for image segmentation is adopted by the article. Assuming that the 2D-PDF map is unimodal and the SAR image contains two sorts of pixels: heterogeneous or homogeneous. The points in the peak of 2D-PDF map are most likely due to the homogeneous regions in the SAR image while the points in the large flap more possibly belong to the edge and textured regions (see Fig.1 ). Then, in order to reduce their combined spread distri- 5 bution to the full extent, the Otsu's method is resorted to calculate the optimal threshold to determine which of the points should belong to peak or flap [15] . Fig.2 illustrates the 2D-PDF map after being processed by the Otsu's method, where the remaining points stem from the heterogeneous regions. (3) Calculating conditional entropy Enlightened by the concept of entropy from Shannon's information theory, the conditional entropy of the points belonging to the heterogeneous regions is calculated. The corresponding conditional information is weighed by the joint probability of V and P to calculate the conditional entropy. This yields
Eq. (3) is referred to as the definition of the proposed quantitative heterogeneity measurement H e , where H e is the conditional entropy P V P is the conditional probability of ˆi V given ˆi P .
From the above analysis, it is unveiled that, in homogeneous areas, the conditional entropy is quite small, but the exact reverse is the case with heterogeneous areas, where H e is very large. Furthermore, H e can be used to quantitatively measure the heterogeneity of SAR images.
Heterogeneity-based Speckle Reduction Filter Algorithms
A variety of adaptive speckle filters have been developed from different points of view with related approaches [16] [17] . A speckle reduction filter should be able to efficiently smooth homogeneous regions while preserving edges and textures. Thus a filter should make a proper compromise between edge preservation and speckle reduction in textured areas. Most of existing adaptive speckle filters serve to seek after local image coefficient of variation [18] as measures of the heterogeneity of SAR images in tests. However, as addressed before, such measures are sensitive to speckle and noise in the inevitable possession of SAR images.
Consequently, the novel method of informationtheoretic heterogeneity measurement proposed in Section 2 first comes up with a criterion to classify the SAR image as belonging to different regions. Then, different filters are utilized to implement diverse despeckling strategies for the different regions. Finite iteration procedure and edge detection techniques are also applied to striking best balance between speckle reduction and edge preservation.
The HBSRF algorithm can be described as follows:
(1) Generate the conditional 2D-PDF map through
Step (1) (2) Map all the labeled points back to the SAR image domain. These points belong to strongly heterogeneous region, and will be preserved by keeping their original values for each pixel in SAR image. For other points, the intensity of the pixels will be filtered by the average filter.
(3) Make use of finite iteration method for further speckle reduction. In order to preserve the edge and texture information that are more likely to be deteriorated by iteration, the edge detection algorithm is used in the iteration to realize edge preservation. If the pixel is classed to be in the edge or weakly textured point, the intensity of the pixel will be filtered by the modified Lee filter [8] . For the other points, the pixels will be filtered by an average filter. The iterations end when an optimized compromise is attained between both speckle reduction and edge preservation. Section 4 will investigate the optimal number of iterative times through experiments. Fig.3 shows the flowchart of the proposed algorithm. 
Experimental Results and Discussion
Validation of the quantitive heterogeneity measurement
The SAR single-look intensity images from RADASAT-I are utilized experimentally to validate the proposed heterogeneity measurement. Fig.4 and Table 1 compare the results.
From visual observation, it is clear that the city area in Fig.4(a) is more heterogeneous than the farmland region in Fig.4(c) . In terms of H e calculated for the images, the heterogeneity is also consistent with the visual subjective evaluation and the more heterogeneous the regions of a SAR image becomes, the higher the H e is.
More comparisons further made between different types of SAR images (see Fig.4(b) and (d) ) validate the proposed quantitative heterogeneity measurement. Because of the outstanding effect of H e , lots of potential applications could be exploited in the future. 
Performance comparison of speckle filters
To evaluate the proposed HBSRF algorithm, experiments were performed with various single-look SAR images. Besides, for comparison, the images were filtered by the proposed HBSRF algorithm and some other traditional and effective speckle reduction approaches, for instance, of Gamma MAP, modified Lee as well as the newly developed improved Sigma [7] . Fig.5 illustrates the original single look airborne SAR images of 512×512, a typical airport region, together with the filtered SAR images with different approaches and different numbers of iterative times (4, 5, 6 and 7 respectively). As a quantitative criterion for analyzing the performance of the speckle reduction filters, the equivalent number of looks (ENL) is used to objectively measure the speckle reduction on homogeneous samples of the filtered images. On the other hand, the Pratt's figure of merit (FOM) [8] [9] is used for the edge preservation expressed by [8] [9] 
where N and N ideal are the numbers of the detected and the ideal edge pixels, respectively, d i the Euclidean distance between the ith detected edge pixel and its nearest ideal edge pixel and D a constant typically set to be 1/9. FOM ranges from 0 to 1 with unity for ideal edge detection. Table 2 compares the performance of the speckle reduction filters both in edge preservation (FOM) and speckle reduction (ENL). It is clear that the proposed HBSRF algorithm outmatches the conventional speckle reduction filters with the iterative times of four and the window size of 5u5. This also validates the effectiveness of the new speckle filter. As was expected, the iterative times have great effects upon both edge preservation and speckle reduction. Fig.6 demonstrates the FOM and ENL against iterative times. It is understood that a compromise has been achieved between FOM and ENL when the iterative times equal four in the experiments. The optimal iterative times will be studied in detail theoretically in the future. Fig.7 compares FOM and ENL with different sizes of the sliding windows. As shown in Section 2, the window size is really crucial to both FOM and ENL, especially, when the SAR image data are noisy and the local statistics should be estimated with small-size windows. The experiments were carried out to compare FOM and ENL with the sliding windows of different sizes: 3u3, 5u5 and 7u7. It is discovered that the ENL improves with the window size increasing while the FOM decreases. Therefore, 5u5 is found to be the best compromise that can be gained between the FOM and ENL. 
Conclusions
This article has developed a quantitative heterogeneity measurement for SAR images and a new speckle reduction filter based on it named HBSRF algorithm. Results from computer experiments have validated the ability of HBSRF to quantitate the heterogeneity of SAR images and its superiority both in preserving textural information and speckle reduction to the conventional speckle reduction filters.
Future work will be dedicated to study of the optimization of iterative times and adaptive determination of widow size for SAR images analytically. Moreover, it is expected to popularize the new quantitative heterogeneity measurement in SAR image enhancement, segmentation and understanding.
